Abstract. Direct measurements of liquid heat capacity, using a Setaram HT1500 calorimeter in step-scanning mode, have been made in air on six compositions in the N a a O -F e O -F e 2 0 3 -S i O 2 system, two in the C a O -F e O -F e 2 0 3 -S i O 2 system and four of natural composition (basanite, andesite, dacite, and peralkaline rhyolite). The fitted standard deviations on our heat capacity measurements range from 0.6 to 3.6%.
Introduction
Heat capacity data on multicomponent silicate melts have two important applications in igneous petrology:
(1) modelling the crystallization paths of evolving magmas (Ghiorso et al. 1983; Ghiorso and Carmichael 1985; Nekvasil 1988 ); (2) calculating the thermal evolution of cooling magma bodies (Jaeger 1968; Delaney 1988) . The experimental goal, therefore, is to develop a model equation that describes the heat capacity of silicate melts over a wide range of composition. In order to be relevant to magmatic liquids, the model must extend to compositions that include both ferric and ferrous oxide components. Despite an expanding body of heat capacity data on silicate melts (Stebbins et al. 1982 (Stebbins et al. , 1983 Bottinga 1984a, b, 1985) the largest uncertainty is still associated with the ferric component . This can be attributed, in part, to the under-representation of liquids containing ferric iron in the data set (5 out of 55 compositions, 3 with <4mo1% Fe203; Carmichael et al. 1977; . Uncertainties also arise, however, from the inherent difficulty of accurately characterizing ferric and ferrous concentrations in silicate liquids during measurement of enthalpy by conventional drop calorimetry.
Prior to this study, heat capacities of stable and supercooled silicate liquids have not been measured directly but have been derived from drop calorimetric measurements of enthalpy as a function of temperature (e.g., Carmichael et al. 1977; Richet and Bottinga 1985) . One of the difficulties with drop experiments applied to iron-bearing samples stems from the strong temperature dependence of the following reaction in silicate melts: Fe203 = 1/2 0 2 -~ 2 FeO
(1) At constant oxygen fugacity ( f O z ) , the reaction in Eq. (1) is driven to the right with increasing temperature; this strong temperature dependence affects the interpretation of drop calorimetric measurements on iron-bearing sam-ples. In a typical experiment, a sample is equilibrated at some elevated temperature (for silicate liquids, typically between 1200~1800K) and then dropped into a calorimetric block at room temperature, thus measuring Hr-H298. The temperature interval over which a molten sample is dropped is often on the order of 1000 K, and if the sample is open to oxygen, its ferric-ferrous ratio will change during cooling. Alternatively, the sample can be loaded into a capsule and sealed with almost no air space such that changes in the ferric-ferrous ratio are small during the drop, although the oxygen fugacity of the sample is poorly defined. This latter approach is suitable for applications where accurate characterization of the sample fO2 is unimportant. A more serious problem with drop experiments applied to fluid, ironrich silicate melts is the tendency to form a mixture of crystalline phases or glass and crystals during the quench. Such experiments are extremely difficult to interpret because the standard-state thermodynamic properties of the quenched material (a mixture of solid-solution phases) are ill-defined. As a consequence, Carmichael et al. (1977) restricted their enthalpy measurements to relatively iron-poor (<4 mol% total F%O3) and silicarich liquids that quench reproducibly to a glass.
The problems above can be minimized using a Setaram HT1500 calorimeter in step-scanning mode (Lange et al. 1991) ; in this approach, the change in enthalpy of a sample is measured during heating (or cooling) over a small temperature interval (typically 5 or 10 K), and thus provides a direct measurement of heat capacity. Over this small temperature interval, the ferric-ferrous ratio remains essentially constant during a single measurement. In addition, the samples are held in equilibrium with an atmosphere that can be controlled, allowing accurate characterization of the ferric-ferrous ratio in each sample at every temperature of measurement. This paper reports direct heat capacity measurements on six liquid compositions in the Na20--FeO--Fe2Q--SiO2 system, two in the CaO-FeO-Fe203-SiO2 system and four of natural composition (basanite, andesite, dacite, rhyolite), all in equilibrium with air. These measurements are combined with heat capacity data in the literature on iron-free multicomponent silicate melts (Naylor 1945; King et al. 1954; Carmichael et al. 1977; Richet and Bottinga 1980 , 1984a , b, 1985 Richet et al. 1984; Stebbins et al. 1982 Stebbins et al. , 1983 ) to develop a model equation applicable to liquids of magmatic composition.
Experimental methods

Starting materials
Six compositions in the Na20-FeO-F%O3-SiO2 system and two compositions in the system were Calculated using the model of this study presented in Table 4 chosen for calorimetric measurements (Tables 1 and 2 ). The method of preparation and quality control on composition and homogeneity have been discussed in detail by Lange and Carmichael (1989) and Kress and Carmichael (1989) . Liquid compositions in these two systems were chosen because they contain large concentrations of Fe20 3 (up to 19 tool%), and their equilibrium ferric-ferrous ratios in air can be calculated accurately from the calibrated equations of Lange and Carmichael (1989) and Kress and Carmichael (1989) . Thus, the mole fraction of ferric and ferrous iron were determined in each experimental liquid at every temperature of measurement. Moreover, the low liquidus temperatures of the Na20 -FeO-Fe203-SiO 2 samples (850-950 ~ C) allowed a wide temperature range in the liquid state to be accessed by calorimetry; this gave an opportunity to explore the temperature dependence to the heat capacity of Fe203-bearing silicate melts. Four natural silicate melts also were chosen for calorimetric measurements: an andesite from Manam Island, a basanite from the Korath range in Uganda, a dacite from Mt. St. Helens, Washington, and a peralkaline rhyolite from Pantelleria, Italy. The ferric-ferrous ratios of these natural silicate liquids in equilibrium with air at every temperature of measurement were calculated using the calibration equation of Kress and Carmichael (1988) .
Calorimetric procedures
Calorimetric measurements were made in a Setaram HT1500 calorimeter in step-scanning mode. Because the apparatus and experimental procedure have been described in detail by Lange et al. (1991) , only a brief summary is presented here. The calorimetric detector consists of an upper and lower thermopile surrounding a sample and reference chamber respectively. In our experiments, the reference chamber held an alumina crucible filled with dried corundum powder, whereas the sample chamber held an alumina crucible with a tight-fitting 95%Pt-5%Au inner capsule with a Pt-foil lid. The inner Pt-Au capsule was either empty (a blank), filled with tamped corundum powder (a calibration), or filled with an iron-bearing silicate melt (a sample). Care was taken to ensure that the volume of melt in each sample run was equivalent to the volume of corundum used in the calibration runs. Before calorimetry on each iron-bearing sample, that composition was pre-loaded into a new 95%Pt-5% Au inner calorimeter capsule and fused in a box furnace in air above its liquidus for 24 h. The capsule was then cleaned with HF and a fresh batch of sample was re-loaded into the same Pt-Au capsule. This presaturation procedure, combined with the fact that the calorimetric measurements were performed in air, minimized iron loss from the sample to the Pt-Au capsule. Analyses of each sample before and after the calorimetric measurements (using the JEOL 8600 electron microprobe at Rutgers University) are presented in Appendix 1 and confirm that virtually no iron loss took place. Soda loss was restricted to less than 2 wt% for the sodic samples, probably because the liquids were enclosed in capsules with Pt-foil lids during the experiment. Pt-Au capsules were used to minimize wetting and creep of iron-bearing silicate melts, a problem with pure Pt.
During an experiment, the calorimetric detector sat inside an alumina tube (within a graphite tube furnace) where the atmosphere could be controlled; in this study, all measurements were made in air. A scanning experiment consisted of three runs: a blank, a calibration, and a sample. Before each sample run, the furnace was taken to the lowest experimental temperature, and the ferricferrous ratio of the sample was allowed to equilibrate for 24 h. During a scanning run, the thermopile voltage was monitored as the temperature was raised (or lowered) at a rate of 1 K/rain over a temperature interval of 10 K. A 10 rain heating (or cooling) period In this example, the sodic melt initially was heated at a rate of 1 K/rain for 10 min followed by an isothermal interval of 15 min. The melt was then cooled at a rate of 1 K/ rain for 10 rain followed by another isothermal period. This cycle was repeated five times. The area under each peak was calculated and the average of the ten values was taken as one data point was followed by a 15 rain isothermal period to equilibrate the calorimeter. A typical run consisted of ten alternating heating and cooling steps (Fig. 1) ; the average of the integrated areas under ten voltage peaks represents one datum point. The results of the blank runs were subtracted from those of the calibration and sample runs, and corrections were applied for the small differences in weight between the different Pt-Au crucibles. Data were reduced using the following relationship:
where T=(T2 + T1)/2 and T2 and T, bracket the scanning temperature interval (10 K) A T= T;-T 1 M, = molecular weight of the silicate melt sample rn~ = mass of the silicate melt sample A =integrated area under voltage peak (average of 10 peaks) and
where Cp(T)al2o3=heat capacity of corundum from Robie et al. (1978) /7'/A1203 ~ mass of corundum MA~o ~ = molecular weight of corundum. The calibration factors increased as the temperature of the experiments increased, indicating a decrease in sensitivity with increasing temperature. This is probably due to an increase in the transfer of heat by radiation relative to the heat transferred by conduction through the thermopiles at high temperature. As a consequence, measurements were restricted to temperatures < 1700 K. Temperature was measured with a Pt-6% Rh/Pt-30% Rh thermocouple located next to the sample chamber. The calibration of this thermocouple was checked by melting a gold sample (1337 K) in the alumina sample chamber.
Results
Heat-capacity measurements on the Na20-FeO -Fe203-SiO2 liquids are presented in Table 1 . Twenty-nine measurements were made on liquids containing between 4.08 and 18.75 tool% Fe203. The low liquidus temperatures of these compositions allowed measurements to be made over a range of 300-400 K. The single exception is composition no. 1; the experiments above 1300 K were discarded because the capsule leaked at high temperatures. Also seen in Table 1 are the mole fractions of Fe20 3 in the melts at the lowest and highest temperatures of measurement. In all cases, the change in Fe203 (reflecting variation in the ferricferrous ratio with temperature) is < 1 tool% over the experimental temperature range. Within the error of the measurements, no temperature dependence to the liquid heat capacities could be resolved.
Only two compositions in the CaO-FeO-Fe203 -SiO2 system had sufficiently low liquidus temperatures such that they could be used for calorimetric measurements. The results for these melts as well as those for the natural liquids are presented in Tables 1 and 2 . Measurements were only possible in the stable liquid region due to rapid crystallization below the liquidus. This severely limited the temperature range over which measurements could be made (< 150 K) and no temperature dependence to Cp was resolved for any of the samples. Because of the limited temperature range of the measurements, the change in Fe20 3 in the experimental melts (variation in the ferric-ferrous ratio with temperature) was always < 1 tool%.
Experimental precision and accuracy
The ten alternating heating and cooling steps during each run (Fig. 1) allow an average integrated area under the voltage peak to be calculated (with its standard deviation) at each temperature of measurement. The standard deviations on Zblank, AA1203 and Asample in Eqs. 2, 3 lead to a propagated error on Cpsamplo that varies from 5-10%. However, the fitted standard deviation on Cpsampl e for each melt composition (assuming no temperature dependence) is much smaller (Table 3) . Although the procedure for calculating the standard deviation ignores changes in the ferric-ferrous ratios of the melts with temperature, it does provide a measure of the precision of the step-scanning method that can be compared directly to that reported for heat capacity data in the literature derived by differentiating enthalpy data. The Table 3 . Mean heat capacity and standard deviation for each composition reported precision (e.g., Stebbins et al. 1982 Stebbins et al. , 1983 Bottinga 1984a, b, 1985) is the fitted error on the coefficient b, based on the regression equation:
Hr-H29s=a+bT, where b=Cp and in many cases is independent of temperature. For example, report standard errors on their heat-capacity data that range from 1 to 3 % of the estimate, whereas Richet and Bottinga (1985) have standard errors that range from 0.1 to 0.6% of the estimate. The fitted standard deviations on our heat-capacity measurements range from 0.6 to 3.6% (Table 4) . Our assessment of the accuracy of the technique is based on our heat-capacity measurements on the NazSi20 5 melt composition (Table 1) . The heat capacity of this liquid has been measured with a very high precision (___0.5%) by Richet et al. (1984) ; our measurement is within 1.7% of their reported value, indicating good interlaboratory agreement.
Previous measurements on iron-bearing silicate liquids
The first drop calorimetric measurements on iron-bearing silicate liquids were made by Carmichael et al. (1977) on three natural samples (a rhyolite, an andesite, and a peralkaline rhyolite). These liquids contained 0.80, 4.24, and 3.89 mol% Fe203 (total iron) respectively. Efforts were made to ensure that all of the iron was oxidized to Fe203 by holding each composition open to the atmosphere at 800K for 24h before the containers were crimped shut. However, for the reasons outlined in the introduction, there is some uncertainty as to what ferricferrous ratio should be assigned to these liquids. Given the low total iron contents of these melts, this probably does not affect significantly the derived heat-capacity data. At the same time, however, because of the low Fe2Oa concentrations, heat-capacity measurements on these melts provide only weak constraints on the partial molar heat capacity of F%O3. The second set of calorimetric measurements on ironbearing silicate liquids were made by on NaFeSi3Oa and KFeSi30 s melt compositions. To control the ferric-ferrous ratios in the melts during drop experiments, the samples were first equilibrated in air in open Pt-10% Rh capsules at the highest temperature to be reached during calorimetry. The capsules were then filled with argon and sealed by welding. Constant composition was believed to be maintained at lower temperatures because additional oxygen was not available to raise the ratio of ferric to ferrous iron; that is, the fO2 in the capsule adjusted to the constant liquid composition. The NaFeSi308 and KFeSi308 melts were reported to contain 9.08 and 8.88 mol% Fe20 3 respectively. derived a value for the partial molar heat capacity of the Fe203 component (CPFe203)
of 229.0 + 18.0 J/g.f.w.-K that is based on their two measurements on iron-bearing samples in addition to those of Carmichael et al. (1977) on the three natural samples. Richet and Bottinga (1985) , on the other hand, derived a value for Cpve2o3 of 199.7 J/g.f.w.-K that is based only on the two measurements of . Given 315 the discrepancy between the two reported values, we have taken our 33 measurements on the sodic and calcic silicate melts, 27 of which contain between 8 and 19 tool% F%O3, and have fitted a new value for the partial molar heat capacity of Fe203 in silicate melts. The calibration of our regression equation is described below.
Discussion
Calibration of a model equation
Currently, there are two model equations in the literature that describe the heat capacities of multicomponent silicate liquids. The first is that of :
where Xi is the mole fraction of oxide component i and
Cpi is the partial molar heat capacity of component i.
Implicit in this equation are two assumptions, namely that the partial molar heat capacity of each oxide component is independent of composition and temperature. In detail, it is known that this is not strictly true; significant non-linearity in mixing is observed in simple systems (e.g., CaMgSi2Oe-NaA1Si3Os) and both a negative and positive temperature dependence to liquid heat capacities have been observed for some compositions Bottinga 1984a, 1985) . However, , Richet and Bottinga (1985) present a more complex model equation of the form:
Cpliq(r)=2 XiCpi(r)+ XK2oXsio22WKs
( 5) where CpA120,, CpTio2 and CP~2o have a temperature dependence and WKs is an interaction parameter between the K20 and SiO2 components. Their model equation is calibrated on a much smaller set of heat capacity data on liquids without alumina. The coefficient for A1203 is estimated independently from data on a few aluminous compositions. The model of Richet and Bottinga (1985) is an attempt to include the complexities in Cp with temperature and composition that have been documented in some simple 3-and 4-component silicate liquids. However, the question remains whether the complexities observed in these simple systems can be extrapolated to multicomponent liquids of magmatic composition.
Another factor to consider during calibration of a model Cp equation is the distinction between the precision and accuracy of heat capacity data, including systematic differences among precise measurements made in different laboratories. An opportunity to evaluate these factors is found with the published heat capacity data on liquid albite (NaA1Si3Os) from four separate studies (Richet and Bottinga 1980, t984a; Stebbins et al. 1982; Navrotsky et al. 1989 ). Enthalpies of stable-and supercooled-liquid albite have been measured in two studies by Bottinga (1980, 1984a) . The first set of enthalpy measurements by Richet and Bottinga (1980) was made on melted natural albite crystals from Mondane (French Alps). The enthalpy data on liquid albite (1166-1486 K) were fitted to the following equation:
HT --H298 = a + b T (6) where Cp=b (independent of temperature) and has a derived value of 89.38 +0.36 J/g.f.w.-K. The fitted standard error on Cp is only 0.4% of the estimate and reflects the high precision of the enthalpy measurements. In the second study, Richet and Bottinga (1984a) used a different albite sample, a glass synthesized by D.F. Weill (see Weill et al. 1980) , and they point out a significant difference between the glass transition temperatures (Tg of 1158 K and 1096 K for the natural and synthetic samples respectively), leading to a systematic difference of about 1.6 kJ/mole in the enthalpy reported in the two studies. However, Richet and Bottinga (1984a) stress that the enthalpy-temperature relationships in the liquid range are quite similar in both studies and that the difference in Tg did not affect the derived Cp. They fitted their enthalpy measurements on the synthetic liquid albite (between 1096-1791 K) to the following model equation:
that implies a temperature dependence to the liquid heat capacity. However, if the enthalpy data of Richet and Bottinga (1984a) are fitted to the more simple model in Eq. 6, the derived value of Cp(=b) is 90.41+0.34. Again, the fitted standard error on Cp is only 0.4% which is well within the experimental uncertainty in Cp of +0.5% reported by Richet and Bottinga (1984a) . Any temperature dependence to the heat capacity of liquid albite does not, therefore, appear to be justified by the experimental data. The two Cp values for liquid albite derived from the two studies differ by 1.1% ; this probably provides a good estimate of the reproducibility (vs the fitted precision) of the measurements. The same albite sample synthesized by Weill was also used in the drop calorimetric measurements of Stebbins et al. (1982) . Their measurements were performed over a more narrow temperature interval (1457-1810K) in the stable-liquid region only. The enthalpy measurements were fitted to the model in Eq. 6, leading to a derived Cp value of 92.96+0.77 J/g.f.w.-K. The slightly larger standard error on Cp of 0.8%, relative to the two studies of Richet and Bottinga, reflects the smaller temperature interval over which enthalpy measurements were made and not the precision of the enthalpy measurements. The heat capacity of liquid albite reported by Stebbins et al. (1982) is within 2.7% of the value determined fi'om the data of Richet and Bottinga (i984a) ; this provides a good estimate of interlaboratory errors, despite the fact that the enthalpy measurements in all three studies are extremely precise (0.2-0.5%). The fourth study on the heat capacity of liquid albite was performed by transposed-temperature drop calorimetry by Navrotsky et al. (1989) , where the sample was dropped from room temperature into a calorimetric detector at high temperature. Their enthalpy measurements on an albite specimen from the Franciscan vein (described by Apps and Neil 1978) were fitted to Eq. 6, leading to a derived value for Cp of 92.08 + 2.85 J/g.f.w.-K. This value is within 1.8% and 1.0% respectively of those reported by Richet and Bottinga (1984a) and .
Both and Richet and Bottinga (1985) used Cp data published from both of their laboratories to calibrate their respective Cp models. It is difficult, in fact, to develop a comprehensive Cp model applicable to natural silicate liquids without using the extensive data of both research groups. As a consequence, any model calibrated on both data sets that reproduces the Cp measurements within 2-3 % is within the interlaboratory errors. With this in mind, we have combined our heat capacity measurements on the sodic, calcic, and natural iron-bearing liquids (Tables 1 and 2) with Cp data in the literature on 41 iron-free silicate melts (Naylor 1945; King et al. 1954; Richet and Bottinga 1980 , 1984a , b, 1985 Richet et al. 1984 Richet et al. , 1990 Stebbins et al. 1982 Stebbins et al. , 1983 to calibrate the following regression equation:
where X~ is the mole fraction of each oxide component i, and Cp~ is the partial molar heat capacity of each oxide component i and is independent of temperature and composition. Liquids that are not included in our regression are three alkali-titania silicate melts (one from Carmichael et al. 1977 and two from Richet and Bottinga 1985) that exhibit a pronounced negative temperature dependence to their heat capacities. These compositions were excluded as there is evidence from density measurements (Lange and Carmichael 1987; Johnson 1990 ) that Ti 4+ exists in more than one coordination (4-, 5-and 6-fold) in alkali silicate melts but occurs primarily in octahedral coordination in alkaline-earth silicate and natural melts (Lange and Carmichael 1990) . In addition, the heat capacity measurement on fayalite (Fe2SiO4) liquid (in an Fe-plated capsule) by is also included in our final data set. A detailed description of the liquid composition and its ferric-ferrous ratio during the calorimetric experiments is found in .
Regression results
The results of our unweighted regression, based on 88 liquid heat capacity measurements, are presented in Table 4; the average deviation between calculated and measured heat capacities is 2.3%. In Tables 1 and 2 , the difference between calculated and measured heat capacities can be directly compared; note how little the effect of temperature-induced compositional change (ferric-ferrous ratio) has on the calculated Cp values. The differ- the Cp model of this study. The residuals correspond to the differences between the measured heat capacities and those calculated from the models of: a ; b Richet and Bottinga (1985) ; e this study ences between the measured heat capacities on the 41 iron-free silicate liquids and those calculated from the models of (a) ; (b) Richet and Bottinga (1985) ; (c) this study, are plotted in Fig. 2 . Our model reproduces the measured heat capacities of the ironfree melts within 2.7% on average while those of and Richet and Bottinga (1985) reproduce Note that the largest residual is associated with composition CFS-A. Both liquid density data and glass M6ssbauer data (Morinaga et al. 1976; Iwamoto et al. 1978) suggest that this liquid may contain both tetrahedral and octahedral ferric iron the 41 measurements within 3.1% and 3.3 % respectively. Our fitted partial molar heat capacity values for each of the oxide components are compared in Table 4 to those derived from the weighted regression of ; the regression equations in both studies are identical. Our fitted partial molar heat capacity for the F%O3 component has a value of 240.9+_ 7.9 J/g.f.w.-K, with a standard error that has been reduced by more than a factor of two from that reported by . Our model reproduces the iron-bearing silicate liquid heat-capacity measurements within 2.1% on average. The largest residual is associated with composition CFS-A which has measured heat capacities that deviate by 6.1 and 6.7% from the predicted values (Fig. 3) . The other calcic composition (CFS-B) has measured heat capacities that differ by 0.2 and 0.4% from those calculated by the model.
Evidence for multiple Fe 3 + coordination in the melt?
Interest in the heat capacity behavior of these two calcic melts, especially relative to the sodic melts, is sparked by M6ssbauer spectroscopic evidence that Fe 3 + occupies more than one coordination environment in calcic silicate glasses (Iwamoto et al. 1978; Bowker et al. 1981) . Specifically, Pargamin et al. (1972) noted that ferric iron is entirely four-fold coordinated in Na20-FeO -Fe203-SiO2 glasses, while it occupies both octahedral and tetrahedral sites in CaO-FeO-Fe203-SiO2 glasses. This observation is consistent with the liquiddensity measurements of and in that the partial molar volume of F%O3 is independent of composition in sodic silicate melts but is strongly dependent on the Xcao: Xsio~ ratio in calcic silicate melts (Lange and Carmichael 1990 : Fig. 1 ). This is further supported by the M6ssbauer studies of Morinaga et al. (1976) (Lange and Carmichael 1990 : Fig. 1 ), composition CFS-B is anticipated to contain Fe 3 § primarily in tetrahedral coordination, whereas composition CFS-A may contain Fe 3 + in both 4-and 6-fold coordination. If this assumption is correct, it may explain the higher measured heat capacities of the CFS-A melt relative to those predicted by the model as more than one coordination for Fe 3 + may increase the configurational contribution to the liquid heat capacity. In other words, the presence of more than one coordination state for Fe 3+, with an absorption of heat as the proportions change with changing temperature, may increase the liquid Cp value. Unfortunately, the experimental temperature range accessible for this sample is not sufficient to examine any unusual temperature dependence to its liquid heat capacity.
fore, that our model (assuming no excess heat capacity) can predict the heat capacities of anhydrous igneous melts well within the experimental and interlaboratory errors. Perhaps more importantly, this study demonstrates that step-scanning calorimetry can be used to measure the heat capacities of natural melts where knowledge of both the ferric-ferrous ratio and the oxygen fugacity of the sample are required. This is particularly important in applications where the enthalpy of a crystallizing magma is measured "in-situ" along a specified fO2-T path.
